Recent advances in experimental analyses of the evolution of RNA secondary structures suggest a more complex scenario than that typically considered by Kimura's classical model of compensatory evolution. In this study, we examine one such case in more detail. Previous experimental analysis of long-range compensatory interactions between the two ends of Drosophila Adh mRNA failed to fit the classical model of compensatory evolution. To further investigate and verify long-range pairing in Drosophila Adh with respect to models of compensatory evolution and its potential functional role, we introduced site-directed mutations in the Drosophila melanogaster Adh gene. We explore two alternative hypotheses for why previous analysis of long-range compensatory interactions failed to fit the classical model. Specifically, we investigate whether the disruption of a conserved short-range pairing within Adh exon 2 has an effect on Adh expression or if there is a dual functional role of a conserved sequence in the 3Ј-UTR in both long-range pairing and the negative regulation of Adh expression. We find that a classical result was not observed due to the pleiotropic effect of changing a nucleotide involved in both long-range base pairing and the negative regulation of gene expression. (1993) and predicted a between alleles at two interacting loci. Under this scenario, with alleles A and a present at the first locus and long-range, tertiary contact between a region just downstream of the start codon and a conserved region of the B and b at the second, the genotypes Ab and aB are both considered deleterious, while the wild-type AB and 3Ј-untranslated region (UTR) in Drosophila Adh ( Figure  1 ). Site-directed mutagenesis was used to test a longdouble mutant ab are selectively neutral. In terms of range WC base pairing between positions 819 and 1756. RNA secondary structure, genotypes ab and AB would A synonymous mutation in exon 2 (C to T at position represent WC paired nucleotides, while Ab and aB would 819, designated mutC819T) resulted in a significant rerepresent mismatches. Because of its simplicity, this model duction in ADH activity, while a second, compensatory is generally used to predict the outcome of experimental mutation in the 3Ј-UTR (G to A at position 1756, desigtests of secondary structure (e.g., Haas et al. 1991; Chen nated mutG1756A) restored activity to that of wild-type and Stephan 2003). However, it is becoming increasAdh levels. However, mutG1756A alone did not signifiingly clear that in many cases (e.g., when helices do cantly differ from that of wild-type levels, thus not fitting not meet the condition such that single base changes classical models of compensatory evolution where both destabilize, but do not destroy the overall structure) the intermediate states should be deleterious (Kimura classical model may be too simple (Chen et al. 1999(Chen et al. ). 1985 Stephan 1996; Innan and Stephan 2001) . For example, the model does not adequately explain It is well known that communication between the 5Ј the data of Schaeffer and Miller (1993) , where the and 3Ј ends of mRNA plays an important role in the compensatory process between two divergent haploinitiation of translation in eukaryotes (Gallie 1991; types in the introns of the Drosophila pseudoobscura alco- Sachs et al. 1997) . These interactions have been well hol dehydrogenase gene (Adh) likely involved signifidocumented at the protein-protein level (Tarun and
K IMURA's (1985) classical model of compensatory cant rearrangements (insertions and deletions of bases; Innan and Stephan 2001). evolution and its application to nucleotide sites involved in Watson-Crick (WC) base pairing within RNA Experimental evidence also suggests that the compensatory process is more complex than previously modsecondary structures (Stephan 1996; Innan and Stephan 2001) typically assume a symmetrical interaction eled. Parsch et al. (1997) extended the phylogenetic analysis of Stephan and Kirby (1993) and predicted a between alleles at two interacting loci. Under this scenario, with alleles A and a present at the first locus and long-range, tertiary contact between a region just downstream of the start codon and a conserved region of the B and b at the second, the genotypes Ab and aB are both considered deleterious, while the wild-type AB and 3Ј-untranslated region (UTR) in Drosophila Adh ( Figure  1 ). Site-directed mutagenesis was used to test a longdouble mutant ab are selectively neutral. In terms of range WC base pairing between positions 819 and 1756. RNA secondary structure, genotypes ab and AB would A synonymous mutation in exon 2 (C to T at position represent WC paired nucleotides, while Ab and aB would 819, designated mutC819T) resulted in a significant rerepresent mismatches. Because of its simplicity, this model duction in ADH activity, while a second, compensatory is generally used to predict the outcome of experimental mutation in the 3Ј-UTR (G to A at position 1756, desigtests of secondary structure (e.g., Haas et al. 1991;  Chen nated mutG1756A) restored activity to that of wild-type and Stephan 2003) . However, it is becoming increasAdh levels. However, mutG1756A alone did not signifiingly clear that in many cases (e.g., when helices do cantly differ from that of wild-type levels, thus not fitting not meet the condition such that single base changes classical models of compensatory evolution where both destabilize, but do not destroy the overall structure) the intermediate states should be deleterious (Kimura classical model may be too simple (Chen et al. 1999 (Chen et al. ). 1985 Stephan 1996; Innan and Stephan 2001) . For example, the model does not adequately explain It is well known that communication between the 5Ј the data of Schaeffer and Miller (1993) , where the and 3Ј ends of mRNA plays an important role in the compensatory process between two divergent haploinitiation of translation in eukaryotes (Gallie 1991 ; types in the introns of the Drosophila pseudoobscura alco- Sachs et al. 1997) . These interactions have been well hol dehydrogenase gene (Adh) likely involved signifidocumented at the protein-protein level (Tarun and Sachs 1996; Hentze 1997; Wells et al. 1998) , and it has been demonstrated that a viral transcript that lacks 1 MATERIALS AND METHODS et al. 1997; Guo et al. 2000) . In this case, the 5Ј-3Ј interaction occurs via direct RNA-RNA base pairing between Site-directed mutagenesis and plasmid construction: All the 5Ј-and 3Ј-UTRs (Guo et al. 2001) . Such long-range constructs were derived from an 8.6-kb SacI-ClaI fragment of the D. melanogaster Adh Wa-f allele (Kreitman 1983) . A pUC18
RNA-RNA interactions have been predicted for a large plasmid containing the 8.6-kb fragment was subjected to mutanumber of eukaryotic transcripts (Konings et al. 1987;  genesis using the Quick-change mutagenesis kit (Stratagene, Stephan and Kirby 1993; Parsch et al. 1998) , but the La Jolla, CA). Two point mutations (T to C at positions 834 results of Parsch et al. (1997) ; ⌬2-3, C to T (Parsch et al. 1997) . One particular pairing tive regulation of mRNA (Chen et al. 1999) . To investigate whether the proximity of position 1756 to the 8-bp sequence confounds the ability to measure its involve-RESULTS ment in long-range pairing with exon 2, a series of compensatory mutations is made in a background of a Analysis of the local secondary structure of exon 2: In deletion of positions 1762-1769. The results indicate our first experiment, we investigate the mechanism by that the local structure predicted in exon 2 has no which mutC819T causes a significant reduction in ADH significant effect on Adh expression, whereas the conactivity. Although this mutation changes a preferred served region of the 3Ј-UTR likely plays a role in both alanine codon to an unpreferred codon, it is unlikely long-range base pairing and the negative regulation of that a single synonymous codon replacement could lead to such a large difference in gene expression (Carlini Adh mRNA levels.
2 and results in a significant reduction in ADH activity (Parsch et al. 1997) , loss of the hairpin structure depicted in Figure 1 may be the underlying reason for this reduction. Under this scenario, targeted disruption of this structure (see sites 834 and 837 in Figure 1 ) should result in a similar or more extreme phenotype (i.e., a decrease in Adh expression).
Lines containing the E2mut allele were generated by P-element-mediated germline transformation and compared to lines transformed with a wild-type Wa-f control. The results indicate that E2mut lines do not have reduced ADH activity relative to wild type (Figure 3) . In fact, the E2mut lines have slightly higher activity (the mean ADH activity ϮSE of six E2mut vs. seven wildtype lines was 118.6 Ϯ 6.5 units vs. 108.9 Ϯ 4.6 units), although this difference is not significant (F ϭ 1.99, P ϭ 0.16). Thus, the more severe disruption of the local structure of exon 2 caused by E2mut in comparison to 
Analysis of long-range pairing in a deletion back-
819, 1756, and 1762-1769 were investigated in previous studies (Parsch et al. 1997 (Parsch et al. , 1999 (Parsch et al. , 2000 . Brackets connected by lines ground: To test the hypothesis that a classical compensaindicate predicted pairing regions.
tory effect was not observed between the predicted paired nucleotides 819/1756 due to the proximity of a highly conserved 8-base regulatory element in the 3Ј-UTR (Figure 1 ), a series of compensatory mutations and Stephan 2003). Thus, given that involvement in were made in a background of a deletion of this sequence. secondary structure is a more likely explanation, the As a control, a deletion of bases 1762-1769 was used next question is whether the effect of mutC819T is due (Parsch et al. 1999) and is designated ⌬3. The compensato the disruption of the local structure of exon 2 or to tory-mutant alleles, ⌬3mut1, ⌬3mut2, and ⌬3mut3, contain involvement in long-range pairing with the 3Ј-UTR. the mutations G1756A, C819T, and C819T ϩ G1756A, To test the functional significance of the local strucrespectively ( Figure 2 ). Thus, alleles ⌬3 and ⌬3mut3 ture of exon 2, site-directed mutations were made at allow for WC base pairing, whereas ⌬3mut1 and ⌬3mut2 degenerate codon positions 834 and 837, thus disare mismatches. The mean ADH activity ϮSE of lines rupting the central, phylogenetically predicted pairing transformed with ⌬3 (15 lines), ⌬3mut1 (16 lines), region 793-797/833-837 (Figure 1 ). This genotype, desig⌬3mut2 (17 lines), and ⌬3mut3 (12 lines) alleles was nated E2mut (T834C-T837C; Figure 2 ), enables an indi-228.3 Ϯ 6.1, 210.8 Ϯ 5.5, 209.3 Ϯ 8.9, and 230.3 Ϯ 7.1, rect test of the mechanism by which mutC819T reduces respectively (Figure 4 ). Note that these activity values ADH activity. Our logic is as follows: Given that mutC819T creates the potential for an alternative structure in exon are approximately twofold higher than those in the first In this study, we examined long-range compensatory with our hypothesis, the alleles with mutations causing interactions between the two ends of Adh mRNA in mismatches (⌬3mut1 and ⌬3mut2) had significantly more detail. Previous mutational analysis by Parsch et lower ADH activity in comparison to the ⌬3 control, al. (1997) suggested a long-range interaction between whereas the compensatory double mutant ⌬3mut3 did positions 819 and 1756, although the results did not not significantly differ from the control. Comparisons completely conform to the classical model of compensabetween the compensatory double mutant ⌬3mut3 and tory evolution. We have now extended the analysis of the mismatch alleles ⌬3mut1 and ⌬3mut2 are also sig- Parsch et al. (1997) with respect to this scenario and nificant, although they approach significance only after asked the following question: Do these results not fit Bonferroni correction (Table 1) . Thus, it appears that the model (1) because the first deleterious intermediate the nucleotides within the conserved region of the 3Ј-(mutC819T) causes a reduction in ADH activity via a UTR (1756-1769) are involved in both WC base pairing mechanism other than long-range base pairing or (2) and the negative regulation of Adh mRNA, and a combecause the deleterious status of the second intermediplete compensatory interaction may be seen only in a ate (mutG1756A) is more complex due to pleiotropy? To address the first possibility, we investigated an background in which this latter function is removed. Table 1 . For a description of the genotypes, see Figure 2 . The pairing column indicates whether WC base pairing or a mismatch is present between sites 819 and 1756 in the comparisons between genotypes. a Significant after Bonferroni correction, for which P ϭ 0.0083 corresponds to the 5% significance level.
alternative explanation for the 15% reduction in ADH phenotype (a twofold increase in ADH activity due to an underlying twofold increase in mRNA; Parsch et al. activity seen in mutC819T lines (Parsch et al. 1997 ). More specifically, should disruption of the local struc-1997, 1999) . Despite the apparent positive selection for increased ADH activity in the wild (i.e., the S → F amino ture of exon 2 be the reason for this change, disruption of this structure by two targeted mutations should proacid replacement; Oakeshott et al. 1982; Berry and Kreitman 1993; Mercot et al. 1994 ), there appears to duce a similar or more extreme phenotype. However, although the difference is not significant, E2mut lines be strong purifying selection against changes in this sequence. Indeed, Parsch et al. (2000) have demonhave, on average, higher levels of ADH activity than do lines transformed with the wild-type Wa-f. Given that strated that transformed lines lacking this 8-base sequence (⌬3) have a significantly delayed development T834C and T837C each change an unpreferred codon to a preferred codon (for isoleucine and glycine, respectime, likely due to the presence of excessive amounts of Adh mRNA. tively), another possible explanation is that any decrease in Adh expression caused by a disruption of the structure Given our knowledge of this 8-base sequence and our results from ⌬3mut1, ⌬3mut2, and ⌬3mut3 lines, we of exon 2 may be masked by an increase in expression due to the use of preferred codons (Chen et al. 1999) .
propose that mutG1756A produces a partial ⌬3 phenotype. Under this scenario, the conserved sequences upHowever, this would require the change of two synonymous codons to result in a Ͼ15% increase in expression.
stream of positions 1762-1769 also play a role in the negative regulation of mRNA, although to a lesser deThe recent results of Carlini and Stephan (2003) suggest that such a difference may require on average seven gree. One possibility is that positions 1762-1769 are essential to the binding of some trans-acting regulatory to eight codon changes, making this scenario very unlikely. The lack of a measurable effect by disruption of factor, whereas the conserved sequences upstream only facilitate this binding and hence produce only a partial the local structure of exon 2 is also in qualitative agreement with the analysis of Carlini et al. (2001) , who show phenotype. As demonstrated by the deletion analysis of Parsch et al. (1999) , disruption of any part of bases a lower potential for secondary structure in the highly expressed Adh relative to the lowly expressed Adhr gene.
1762-1769 does produce a full phenotype, enabling position 1756's role in long-range pairing to be investiIn contrast, closer inspection of a conserved region in the 3Ј-UTR has yielded results consistent with our gated in the absence of its role in the regulation of mRNA (i.e., there will be no pleiotropic effect of changhypothesis concerning position 1756. Namely, mut-G1756A's role as a putative deleterious intermediate ing this nucleotide to determine its role in long-range pairing). Indeed, in a background of deleting positions may be understood only in the context of the sum of the functional roles in which it and its neighboring 1762-1769, we show that positions 819/1756 do fit a classical model of compensatory evolution; i.e., both innucleotides are involved. Detailed information regarding an 8-base regulatory element in the 3Ј-UTR has termediate states show a reduction in activity (Kimura 1985; Stephan 1996; Innan and Stephan 2001) . proven particularly important. Previous studies have shown this sequence to be completely conserved across Additional support for a dual functional role of bases 1756-1761 comes from two sources. First, phylogenetic all Drosophila species examined (spanning the subgenera Sophophora and Drosophila, as well as the genus comparisons indicate that these six nucleotides are conserved within the Sophophora subgenus, including the Scaptodrosophila) and deleting the first four bases, last four bases, or the entire sequence results in the same distantly related D. pseudoobscura and D. ambigua (Parsch tive pattern of ADH activity in these mutant constructs
